U
nderstanding the species-specific blocks to HIV-1 replication provides many key insights into HIV-host cell interactions. The CD4 molecule was first demonstrated to be a receptor for HIV-1 when it was observed that expression of this molecule was sufficient to allow HIV-1 infection of human, but not mouse, cells (1) . The observation that mouse cells did not support HIV entry led to a coreceptor hypothesis, that an essential, species-specific HIV-1 entry factor was missing from mouse cells. This hypothesis motivated functional cloning experiments in mouse cells that identified a chemokine receptor, CXCR4, as essential for HIV-1 membrane fusion (2) .
The addition of CD4 and CXCR4 to mouse cells permitted HIV-1 entry, but subsequent viral gene expression was insufficient to support viral replication. Subsequently, it was found that murine cells did not support Tat, a virally encoded transcriptional activator necessary for efficient HIV gene expression. Tat enhanced viral transcription in human cells, but failed to function in mouse cells. Experiments with human-rodent somatic cell hybrids revealed that a gene on human chromosome 12 restored Tat function (3, 4) . Cyclin T1 was identified as a Tat cofactor, located on human chromosome 12, that restored Tat function to mouse cells (5) . The addition of human cyclin T1 to mouse cells restored high levels of HIV-1 gene expression, but HIV-1 still did not replicate in these cells (6) .
In human cyclin T1-expressing murine cells, HIV-1 Gag was mislocalized, resulting in inefficient viral assembly. Electron micrographs showed electron-dense intracellular structures that seemed to be aggregates of Gag (7) . This block to viral assembly was relieved by fusion of infected mouse cells with permissive human cells, strongly suggesting a specific requirement for a human cellular factor(s) in HIV assembly (8, 9) .
It is unclear what portion of the HIV-1 genome is incompatible with assembly in mouse cells. The Gag protein alone is sufficient for directing the assembly of virus-like particles (10) . HIV-1 Gag is produced as a 55-kDa precursor that is processed by the virally encoded protease into the p15 matrix (MA), p24 capsid (CA), p7 nucleocapsid (NC), and p6 domains. Although Gag processing is not required for virus assembly, it is important for subsequent infectivity of viral particles (11, 12) . Plasma membrane localization of the viral Gag protein is critical for viral assembly (13, 14) . The N-terminal domain of HIV-1 Gag, MA, is responsible for plasma membrane localization of the viral Gag protein (15, 16) . Given that in mouse cells HIV-1 Gag fails to localize to the plasma membrane, it is possible that HIV-1 MA is the primary component of HIV-1 that fails to function in mouse cells. In support of this hypothesis, HIV-1 mutants in MA have been described that mislocalize Gag to intracellular membrane compartments (17) (18) (19) .
To test our hypothesis, we replaced HIV-1 MA with Nterminal sequences from the Moloney murine leukemia virus (MLV) Gag protein. MLV is a murine retrovirus that replicates in mice. The aim was to make a functional, chimeric HIV-1 Gag protein that allowed virus assembly in mouse cells. We produced a murine HIV (MHIV) expressing a chimeric Gag protein that localized properly and directed assembly more efficiently in murine 3T3 cells than the nonchimeric HIV-1 Gag. Additional modifications of MHIV to develop a virus capable of multiround infection of murine cells are discussed. With further adaptations, MHIV may form the basis for an infectious mouse model for HIV͞AIDS.
Materials and Methods
Plasmids and Cell Lines. Proviral constructs were based on the HIV-1 molecular clone pNL4-3 (20) . MLV Gag sequences were derived from packaging vector pCL Eco (21) . Chimeric viruses were generated by a two-step PCR-based strategy using primers that joined the exact MLV MA or MA p12 sequence in place of the HIV-1 MA domain. The 5Ј primer for MLV MA and MA p12 was 5Ј-cggaggctagaaggagagagATGGGCCAGACT-GTTACCACTC-3Ј, the 3Ј primer for MA was 5Ј-cctggaggttctgcactataggATAAAGGGAGGATCGAGGCG-3Ј, and the 3Ј primer for p12 was 5Ј-ccctggaggttctgcactataggGA AT-GCCTGCGAGGTAGTG-3Ј. Uppercase letters represent MLV-derived sequence, and lowercase letters represent HIV-1-derived sequence. PCR products were cloned into the unique BssHII and SpeI sites in the proviral clone. All PCR-generated sequences were confirmed by sequence analysis. Luciferaseexpressing HIV-1 (HIV Luc) was generated by using plasmid pNL R Ϫ E were generated by cloning the BssHII and SpeI sites into the identical sites in pNL R Ϫ E Ϫ Luc. The envelope glycoprotein (Env) expression vector for the wild-type (WT) Env was pSHRS HXB Env, and the cytoplasmic tail-deletion mutant, ⌬147 Env, was pSHRS ⌬147 Env (24) . The 3T3 TXC cell line was generated by infecting 3T3.T4.CXCR4 cells (25) Transfection and Infectivity Assay. For virus production assays and generation of luciferase-expressing viruses, 293 cells or 3T3 TXC cells were transfected with Lipofectamine Plus reagent (Invitrogen) according to the manufacturer's standard protocol. Transfection efficiencies of the HIV-1 and MHIV plasmids are assumed to be equivalent. Transfection for fluorescence microscopy was performed by standard calcium phosphate methods (Promega). For infectivity assays, the virus-containing supernatants from transfected 293 cells were harvested 2 days after transfection. Supernatants were cleared of cellular debris by centrifugation at 500 ϫ g for 5 min followed by 0.45-m filtration. Target CD4 ϩ human osteosarcoma cells (HOS CD4, ARRRP-NIH, from Nathaniel Landau) were infected overnight with virus supernatants and incubated for 48 h. Infected cells were lysed with 100 l of luciferase cell culture lysis buffer (Promega). A 20-l sample of each lysate was assayed for photon emission after the addition of 100 l of luciferase assay substrate (Luciferase Assay System, Promega) with a 96-well plate luminometer (Luminoskan RT, Labsystems, Chicago).
ELISA and Western Blot Analyses. Supernatants were collected from transfected cells and cleared of cellular debris by low-speed centrifugation (500 ϫ g, 5 min), followed by 0.45-m filtration. Supernatants were inactivated in 0.5% Triton X-100 in PBS before quantitation by commercial ELISA (NEN Life Sciences). Serial 10-fold dilutions of the supernatants were performed in triplicate and concentrations were determined by comparison with dilutions of the kit-based p24 standards. For Western blot analyses, virus particles were purified by centrifugation through a 20% sucrose cushion, 1ϫ TNE buffer (10 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞100 mM NaCl). Viral pellets were resuspended in 1ϫ SDS loading buffer and separated by SDS͞PAGE, 4-20% polyacrylamide gradient. Proteins were transferred to poly(vinylidene difluoride) membrane (Hybond P, Amersham Pharmacia), blocked with 4% nonfat dried milk͞0.1% Tween in PBS. Blots were probed with the following antibodies: human anti-HIV-1 pooled patient antiserum, 1:5,000 dilution (ARRRP-NIH, from Alfred Prince); sheep anti-p24, 1:2,000 dilution (ARRRP-NIH, from Michael Phelan); mouse monoclonal antip17, 1:1,000 dilution (Intracel catalog no. 321); and sheep anti-HIV-1 gp120 Env, 1:1,000 dilution (ARRRP-NIH, from Michael Phelan). Western blots were developed with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch), followed by chemiluminescent detection (ECL, Amersham Pharmacia).
Deconvolution Fluorescence Microscopy. Transfected 3T3 TXC cells were plated onto treated microscope slides (VWRbrand Superfrost Plus Microslide, VWR Scientific). Cells were fixed with 4% paraformaldehyde in PBS for 10 min, permeablized with 0.15% Triton X-100 for 3 min, and blocked with PBS containing 3% BSA, 0.2% Tween, and 0.2% fish gelatin for 1 h. Primary antibody, a sheep polyclonal anti-p24, 1:50 dilution (ARRRP-NIH, from Michael Phelan), was applied for 1 h at 37°C. Secondary antibody, Texas red-conjugated donkey antirabbit, 1:100 dilution (Jackson ImmunoResearch), was applied for 1 h at 37°C. Slides were directly mounted in 4Ј,6-diamidino-2-phenylindole-containing Vectashield (Vector Laboratories). The cells were imaged on a Nikon Eclipse 800 fluorescence microscope with a 100ϫ oil-immersion lens. Image stacks were recorded at 150-nm intervals (z series) with a Hamamatsu Orca charge-coupled device camera (Hamamatsu Phototonics, Bridgewater, NJ) by using the Metamorph imaging system (Universal Imaging, West Chester, PA) and deconvolved with Huygens software (Bitplane, Switzerland). The images were then reconstructed in three dimensions with IMARIS software (Bitplane) for further analysis.
Results
The MA domain of the HIV-1 Gag polyprotein plays a major role in membrane targeting. Because the phenotype of HIV-1 Gag in mouse cells is one of mislocalization and aggregation, we replaced MA from HIV-1 Gag with the MA from MLV Gag ( Fig. 1) to determine whether the resulting chimera could function in mouse cells. In a second chimeric construct we replaced HIV-1 MA with a larger piece of MLV Gag that included the MLV MA sequence and the adjacent 3Ј sequence referred to as p12. Although the HIV-1 Gag protein has no p12 equivalent, we included it in our construct because p12 plays an essential role in MLV infection-facilitating MLV Gag processing and maintaining viral infectivity (26) . Both Gag chimeras were cloned into the context of the full-length HIV-1 molecular clone, pNL4-3 (20) , and were designated MHIV(MA) for the MA chimera and MHIV(MA12) for the MA p12 chimera.
Proviral DNAs for the chimeric viruses were transfected into human embryonic kidney 293 cells, and cell supernatants were tested for HIV-1 Gag CA (p24) by HIV p24 ELISA. The MHIV(MA) chimera produced significantly less p24, but MHIV(MA12) produced levels of HIV-1 p24 comparable with WT HIV-1 ( Fig. 2A) . When the same viral constructs were transfected into murine cells that stably expressed human CD4, CXCR4, and cyclin T1 (3T3 TXC), the two chimeric viruses produced significantly more supernatant p24 than did WT HIV-1 (Fig. 2B) . In particular, the MHIV(MA12) chimera produced 17-fold greater levels of supernatant p24 than did WT HIV-1. These results suggest that the levels of HIV-1 assembly in mouse cells can be significantly improved by replacing only the HIV-1 MA domain with sequences from MLV. Because the commercial NEN p24 ELISA preferentially recognizes the processed p24 CA protein over unprocessed Gag precursor forms (8) , it may be important to determine the efficiency of Gag processing. If Gag processing of the chimeric proteins is poor relative to nonchimeric HIV-1 Gag, the ELISA may underestimate the levels of chimeric Gag protein released. We therefore examined the processing of the p24 antigen of the different viral constructs.
To harvest viral particles for further analysis, equivalent volumes of cell culture supernatants from transfected human 293 cells were centrifuged over a 20% sucrose cushion, and viral pellets were resuspended and separated by SDS͞PAGE. Western blot analysis of purified virus particles with two different antibodies revealed that the chimeric MHIV(MA12) virus produced a p24 CA protein that comigrated with WT HIV-1 p24 (Fig. 3 A and B) . In contrast, the CA protein from the MHIV(MA) chimera was not processed fully into a 24-kDa species and instead showed a major band at 36 kDa. The level of partially processed MHIV(MA) Gag protein (36-kDa species) seemed similar to the amount of p24 seen in the WT HIV-1 and the MHIV(MA12) constructs, apparently in contrast with the very different levels of p24 Gag predicted from the ELISA (Fig.  2 A) . Therefore, because the NEN p24 ELISA reacts poorly with unprocessed Gag forms, the ELISA likely underestimates the amount of Gag released by cells transfected with the MHIV(MA) chimera.
The ability of HIV-1 protease to recognize and cleave the MLV p12͞HIV p24 CA junction to produce a CA protein of the expected size, and its inability to cleave the MLV MA͞HIV p24 junction, may be a function of the HIV protease substrate specificity (27) . The two chimeric junctions are modestly different and therefore may be cleaved with differing efficiency. Alternatively, the presence of p12 could be important in promoting a conformational state of the Gag precursor that facilitates processing of the chimeric Gag. In its native context, the p12 domain seems to play a similar role facilitating efficient MLV Gag processing (26) .
In a control experiment, Western blotting with an antibody against HIV-1 MA revealed a single band in the HIV-1 lane, but not in the MHIV(MA) or MHIV(MA12) lanes, confirming that the HIV-1 MA protein was present only in WT HIV-1 virus particles and not in either MHIV chimera (Fig. 3C) . Because the MA domain of HIV-1 Gag also plays an important role in recruitment of the Env (28, 29), we examined virus particles for the amount of HIV-1 Env they contained. Both MLV chimeras were found to incorporate significantly less HIV-1 Env than WT HIV-1 (Fig. 3D) . This result suggests that, although the chimeric viruses are able to assemble more efficiently from mouse cells, they are unable to recruit Env efficiently, a process necessary for viral infectivity.
Because WT HIV-1 Gag has been reported to be mislocalized in murine cells, we performed three-dimensional deconvolution immunofluorescence microscopy on transfected 3T3 TXC cells to determine whether a chimeric Gag protein is localized to the plasma membrane. In mouse cells, WT HIV-1 Gag produced a diffuse cytoplasmic signal not localized to the plasma membrane ( Fig. 4A) . In contrast, the MHIV(MA12) chimera produced a punctate pattern that seems to be associated with the plasma membrane (Fig. 4B) . Cross-sectional views illustrate that the staining of the MHIV(MA12) Gag is concentrated at the top and bottom edges of the cell, including the areas of plasma membrane above and below the nucleus. In contrast, WT Gag is found diffusely within the cell and is not found on the membranes above and below the nucleus. These results show that replacement of the HIV-1 MA domain with MLV MA and p12 changes the localization of Gag from a diffusely localized intracellular compartment to the plasma membrane where assembly usually occurs. The punctate pattern observed for the MHIV(MA12) Gag in mouse cells resembles the pattern reported for HIV-1 Gag in human cells (30) . It has been proposed that these punctate islands may represent focal points for viral assembly.
To examine whether the chimeric virus could still produce infectious virus particles, we cloned the chimeric Gag genes into a luciferase-expressing HIV-1 molecular clone, pNL R Ϫ E Ϫ Luc (22, 23) , and produced viruses by high-efficiency transfection of human 293 cells. When luciferase-expressing chimeric viruses, MHIV(MA) Luc or MHIV(MA12) Luc, were produced with WT Env, infectivity was not detected (Fig. 5) . As a control, production of the nonchimeric HIV Luc with WT Env produces infectious virus. These results are consistent with our observation that the chimeric viruses do not incorporate HIV-1 Env efficiently.
MLV does not incorporate HIV-1 Env efficiently (31), possibly because steric interference exists between MLV Gag and the large cytoplasmic tail of HIV-1 Env. Indeed, an HIV-1 Env with a truncated cytoplasmic tail (⌬147 Env) is able to pseudotype MLV (31) . On that basis, we produced chimeric viruses in which ⌬147 Env was provided in trans. When pseudotyped with a ⌬147 Env, the MHIV(MA12) chimera is able to produce infectious particles at 25-30% the level of WT HIV-1 (Fig. 5) . The MHIV(MA) chimera did not produce infectious particles with WT or ⌬147 Env, illustrating that the addition of the p12 domain was important for maintaining infectivity of the chimera. These results suggest that the MHIV(MA12) chimera is compatible with other steps in the HIV-1 life cycle.
Discussion
The MHIV chimeric virus overcomes a major impediment to the development of a murine model for HIV-1 infection, the block to assembly of HIV-1 at the plasma membrane. Grafting MLV MA in place of HIV-1 MA resulted in a modest, but significant, 6-fold increase in p24 antigen release from mouse cells. When one considers that the p24 CA protein from this virus is incompletely processed to a 36-kDa species (Fig. 3) , which is poorly recognized by the NEN commercial ELISA (8), the true effect on viral assembly is likely to be significantly larger. In addition, when MHIV chimeras carrying both the MLV MA and p12 domains are examined, in which p24 processing occurs efficiently, we observed 17-fold greater viral antigen production than with WT HIV Gag. The magnitude of this effect correlates roughly with the increase in Gag release when infected murine cells are fused with human cells (8, 9) . It is therefore plausible that the assembly defect of HIV-1 in mouse cells can be largely attributed to defects in MA function.
In addition to overcoming the assembly defect, we have shown that an MHIV can be infectious. When MHIV(MA12) is complemented with ⌬147 Env and produced by highly efficient transfection of human 293 cells, efficient single-round infection can be observed. This result indicates that MLV MA and p12 are able to complement HIV MA function in the early phase of infection in addition to the late (assembly) phase. Thus, this chimeric virus approach represents an attractive strategy to develop an HIV-based vector that will replicate in a transgenic mouse model. Creation of such a mouse model, however, will require further development of MHIV, so that it can actively replicate in murine cells.
One major obstacle is the poor Env incorporation of MHIV. Because a specific interaction between HIV-1 MA and the cytoplasmic tail of Env is thought to mediate Env recruitment, it is not surprising that MHIV fails to incorporate Env efficiently (Fig. 3) . In accord with this observation, the MHIV does not undergo multiple rounds of infection in human or mouse cells (B. K. Chen and P.S.K., unpublished results). The cytoplasmic tail of HIV-1 Env is large and, in the absence of specific recruitment to the viral particle by HIV-1 MA, it may be actively excluded from the MHIV particles. Because elimination of the cytoplasmic tail and overexpression of the ⌬147 Env in trans allows enough Env incorporation to make infectious virus, testing the infectivity of proviral constructs carrying truncated Env cytoplasmic domains in cis is warranted. Preliminary efforts to test the ability of a chimeric virus carrying the ⌬147 Env on the viral genome have not resulted in a virus that is able to undergo multiple rounds of infection in mouse cells (B. K. Chen and P.S.K., unpublished results). Thus, additional modifications to the cytoplasmic tail or MA itself may be needed to recover the chimeras' ability to incorporate HIV-1 Env.
Prior studies of HIV-1 mutants that delete the Env cytoplasmic tail revealed that the virus is highly attenuated and able to replicate only in a very specific HTLV-I-transformed T cell line, 33) . Passage of HIV MA͞cytoplasmic tail double mutants in MT-4 cells selected for variants with improved replication in other T cell lines (18) . Therefore, selection of MHIV cytoplasmic tail-deletion mutants in MT-4 cells may produce viral variants that are better able to replicate in other cell types.
Recent advances in our understanding of viral assembly suggest some other experimental strategies that may allow more efficient Env incorporation onto MHIV. We reported that palmitoylation of HIV-1 Env at two cysteine residues on its cytoplasmic tail was critical for viral incorporation of Env and subsequent infectivity (34) . Palmitoylation of Env directs it to lipid microdomains on the plasma membrane, known as lipid rafts, which serve as focal points for viral assembly. It may therefore be helpful to retain a palmitoylation site on truncated Env constructs to promote targeting to lipid rafts. Alternatively, palmitoylated cytoplasmic tails from other viruses (35) (36) (37) (38) , including MLV itself, could be fused to the HIV-1 Env ectodomain to try to enhance the ability of MHIV to incorporate the resulting chimeric Env.
Although the MHIV(MA12) exhibits many attractive features, alternative chimeric strategies may also be considered to recover Env incorporation. It may be possible to design a chimeric Gag protein that is directed to the plasma membrane in mouse cells by the MLV MA, but at the same time retains MA sequences responsible for HIV-1 Env incorporation. HIV-1 clones engineered to carry tandem copies of HIV-1 MA are still capable of efficient HIV-1 assembly (39) . Thus, it may be possible to make a chimeric Gag that keeps the HIV-1 MA and tags the HIV-1 Gag at the N terminus with MLV MA or MA-p12.
The restoration of punctate plasma membrane localization of MLV chimeric Gag in mouse cells further supports that it is the failure of HIV-1 MA to target Gag appropriately in mouse cells that blocks viral assembly. Previous studies suggest that the absence of a human-specific factor in mouse cells limits the ability of HIV-1 to assemble (8, 9) . On the basis of our results, it is now likely that one (or more) of these human-specific factors acts as an HIV-1 MA cofactor. Furthermore, because the MA cofactors are human͞mouse compatible for MLV MA, but not for HIV-1 MA, our work suggests that the molecular basis of the MA interaction with its cofactor is fundamentally different for these two MA domains. Biochemical or genetic strategies to identify factors that interact with one MA, but not the other, may provide a means for identifying key assembly factors.
The ability of MHIV(MA12) to remain compatible with single-round infection illustrates the remarkable functional conservation of MA in retroviruses of different classes. Because the single-round infection that we observe from MHIV(MA12) produced in highly transfectable 293 cells is severalfold less than WT HIV-1, it is likely that the infectivity per viral particle is somewhat reduced in the chimeras. When transfecting 3T3 TXC cells, it has been technically difficult to produce sufficient virus to determine whether infectivity per unit p24 of the chimeric constructs is reduced relative to virus produced in 293 cells (data not shown), in large part because of the greatly reduced efficiency of transfection of 3T3 TXC cells. Because we have not demonstrated efficient single-round infectivity from mouse cells, it is formally possible that a particle-intrinsic infectivity defect may still occur in virus produced from mouse cells.
Although the MA domain apparently is sufficient to enhance assembly of MHIV, infectivity requires the MLV p12 domain in addition to MLV MA. The p12 domain has no counterpart in HIV-1 Gag, but in MLV it is also essential for maintaining viral infectivity (26) . The MLV p12 mutant fails to process its own Gag efficiently and is defective in the MLV protease-mediated Env processing that is unique to MLV. In our experiments, the p12 protein also seems to facilitate processing of chimeric Gag by HIV-1 protease. Previous studies with HIV-1 MA mutants found that proper processing of p24 CA protein is important for infectivity of mutant proviruses (18) . It is therefore likely that much of the improved infectivity of the p12-containing virus is due to its improved ability to be processed by HIV-1 protease. MHIV variants designed to improve processing of MHIV MA, or eliminate Gag processing of MHIV MA12, may test directly the role p12 plays in promoting infectivity of MHIV chimeras.
Previous work identified p12 as a protein containing an ''L-domain'' (26), a proline-rich motif found in many viruses, which plays an important role in the late phase of viral assembly. Although no p12 occurs in HIV-1, an L-domain in HIV-1 is present on p6, which lies at the very C terminus of HIV-1 Gag. The L-domain of HIV-1 is thought to function by recruiting ubiquitin ligation machinery that modifies HIV-1 Gag by covalent addition of ubiquitin on the p6 domain (40, 41) . It is therefore possible that p12 may improve particle release of MHIV(MA12) Gag through its function as an L-domain. Mu-tants in the p12 L-domain may be designed to test this hypothesis directly.
AIDS researchers have long sought a genetically tractable, economical alternative to the costly primate models for HIV-1 infection (42) . Transgenic mice expressing human CD4 and CXCR4 or CCR5 on T cells were developed with this goal in mind (43, 44) . Although it is possible to detect proviral DNA from the spleen and lymph nodes of infected mice (43) , there has been no evidence of ongoing viral replication. Several laboratories are testing the ability of cyclin T1 transgenes to allow HIV-1 to replicate in such transgenic mice. However, these mouse models are still likely to be limited by the inability of HIV-1 to assemble efficiently from mouse cells. Because MHIV provides a solution to the assembly block of HIV-1 in mouse cells, it represents an important step toward a useful transgenic mouse model for HIV-1 infection. Further adaptation of MHIV to undergo multiround infection in mouse cells may permit determination of whether MHIV can cause AIDS-like illness in mice.
